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Introduction. In the distributed and autonomous generation 
systems using renewable energy sources, low-power generat- 
ing units (not more than 100-200 kW) based on microturbines 
function. Microturbines operate most efficiently at high rota- 
tional speeds. In this regard, the generator running with a mi- 
croturbine must also be a high-speed one. A generator is a 
switched reluctance electric machine (EM) that needs infor- 
mation on the rotor position. It is difficult to use a position 
sensor in such mechanisms at high speeds. This paper discuss- 
es the issues of sensorless control of a high-speed switched 
reluctance electric generator in conjunction with a steam mi- 
croturbine. 

Materials and Methods. So, it is required to evaluate the 
proof-of-principle developed to control a high-speed switched 
reluctance EM. For this purpose, a mathematical model has 
been created including models of the investigated EM, an 
electric power converter, and a control system. For the EM 
under consideration, the active resistance is determined, as 
well as the dependence of the phase flux linkage on the current 
flowing through it and the position of the moving element. The 
method used involves probing the idle phase of an electric 
machine with short voltage pulses of equal duration, and 
measuring the current in this phase. If the voltage pulse length 
is much shorter than the phase time constant, then the current 
pulse amplitude is inversely proportional to the inductance. 
Thus, registering the maximum current pulse amplitude, it is 
possible to determine the rotor passage through an uncoordi- 
nated position for the probed phase. This information is used 


to form control actions by other phases. Moreover, the length 


Beedenue. B pacnpeyeseHHbIxX MH AaBTOHOMHBIX CHCTeMax re- 
HepallMu, UCHOb3YIOMIMX BOZ3OOHOBJIACMbIe HCTOUHUKU 9HEp- 
TMU, JeEUCTByIOT reHepupyrollve yCTaHOBKH MaJION MOIIHOCTH 
(He Oomee 100-200 KBr) Ha 6a3e MuKpoTypOuH. HanOoree 
39dMeKTHBHO MUKpPOTYypOHHbI PYHKIMOHUPyIOT Ha BbICOKUX 
yacToTax BpalleHna. B cBa3M C STHM reHeparTop, padoTarommMi 
C MUKpOTypOHHOH, TOxKe WOIDKeH ObITb BbICOKOOOOPOTHEIM. 
TeHepatop — 9TO BeHTHJIbHO-HHJYKTOpHad IIeKTpHyueckad 
MammuMHa (9M), KoTOpoH HeoOxoquMa HHMopMaluA O TO0- 
%KeCHHU poTopa. B Takux MexaHW3Max IPH BbICOKHX OOOpoTax 
3aTPYAHUTeIbHO IpWMeHeHnHe JaTuNKa TouoO*KeHHA. B WaHHoK 
CTaTbe paccMaTPUBAaIOTCA BOMPOChI Oe3aTAMKOBOLO yiipaBJie- 
HUA BbICOKOOOOPOTHbIM BCHTWJIbHO-HH]YKTOPHbIM 3JICKTPO- 
TreHepaTOPOM COBMECTHO C TapOBOH MUKpOTypOnHOH. 

Mamepuaabi u memoodvoi. Utak, HeoOxOXUMO OIeHUTb Tpa- 
BHJIbHOCTbh pa3paOoTaHHOroO TIpHHMna yupaBsIeHHA BbICOKO- 
OOOPOTHOH BeCHTHJIbHO-HHAYKTOpHOH OM. C 9stToH Weslbro 
co3qaHa MaTeMaTH4ecKad MOesIb, BKUHOUAFOIad MOIeJIn 
uccieqyemou IM, mpeoOpa3opateiaA WIeKTPOIHeEpruu UU CH- 
CTeMBI yiipaBseHua. Jia paccmMaTpuBaemon IM onpeyeseHsl 
AKTUBHOe COIPOTHBJIeHHe, a TaKXKe 3aBMCHMOCTH TOTOKOC- 
IleMIeHuA (a3zbl OT IpoOTeKaloMlero Yepe3 Hee TOKAa UM MOJIO%*Ke- 
HUA TOXBMOKHOTO dJIeMeHTa. Micnomb3yeMbIM MeTO Wpexo- 
jlaraeT 30HAMpoBaHve Hepadotarolleh da3bl 3IeKTpH4eCcKON 
MallIMHbI KOPOTKHMU MMIyJibcCaMi Halips»KeHHA paBHON JIN- 
TeJIbBHOCTH HM W3MepeHve ToKa B STON daze. Ecuu IMTesIb- 
HOCTb HMMIlyJIbCa Halips»KeHHA HAMHOTO MeHbIe NOCTOAHHOU 
BpeMeHH (a3bl, TO AMIIIMTYa UMITyIbca TOKa OOpaTHO IIpo- 
NOpUMOHaIbHa WHAYKTUBHOCTH. Takum o0pa30M, perucTph- 
Pyi MaKCHMyM aMIIJIMTybI TOKOBOrO UMITyJIbcCa, MOXKHO 
OlpeseuHTb WpoxoxAeHHe POTOPOM HecorsacoBaHHOro 0- 
JOKeHUA JIA 30HIUpyemMon :a3bl. DTa MH*OPMAaLMA UCHOJb- 
B3YeTCA JIA POPMHPOBAHHA ypaBIAIOMIMX BO3TeCHMCTBUM Wpy- 
rumMu (ba3amn. IIpu sTOM JJIMTebHOCTb TCCTOBbIX HMITYJIbCOB 
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of the test voltage pulses, required to obtain current pulses 
sufficient for measuring the value, is of significance versus the 
duration of the pulsing time. Hence, with an increase in the 
rotational speed, the number of test pulses is insufficient for 
measuring the position with the accuracy required for the con- 
trol goals. This reduces drastically the precision of determin- 
ing the rotor position; therefore, at high speeds, the application 
of this method is limited without further refinement of the 
rotor position. In this case, to increase the precision of meas- 
urements, it 1s necessary to evaluate the rate of current rise 
when applying the basic voltage pulse or the voltage pulse rate 
forming the phase current before switching to a single-pulse 
control mode. 

Research Results. Two conclusions important for correcting 
the estimation of the rotor position in a single-pulse operation 
mode of a reluctance EM are proved. The first conclusion is 
on the efficiency of the proposed technique of filtering phase 
current measurement data, the second one concerns the ap- 
plicability of the identified information criteria. The analysis 
results of the processes in the switched reluctance EM using 
sensorless control that implements the described principles for 
determining the rotor position are presented. 

Discussion and Conclusions. To correct the estimation of the 
rotor position, the following information criteria can be used: 
the presence of a pause between the excitation pulse and the 
start of the generation process; the decrease in current by the 
time the generation begins. To refine the estimate, the follow- 
ing fact can be used: on the generation interval, the current 
curve knee corresponding to the maximum phase inductance is 


observed at the same rotor position. 


Keywords: microturbine, electric generator, switched- 
reluctance machine, sensorless control. 
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HanlpsoKeHHA, HEOOXOAMMaA [JIA MOUYACHHA UMITyJIbCOB TOKa 
JOCTaTOYUHON WIA W3MepeHHH BeJIMYMHbI, ABIAeTCA 3HayH- 
TeJIBHOM MO CpaBHeHHtO C JJIMTeJIbHOCTBIO BpeMeHH ToOayH 
9THX UMITyIBCOB. IlosTOMy Cc POCTOM YacTOTHI BpallleHHA 3a 
WHTepBasl W3MepeHHH MOaeTCA KOJIMUCCTBO TeECTOBBIX UMM- 
IIyJIbCOB, HEJOCTATOUHOe WIA U3MepeHHA TOUO%KeHHA C HeOO- 
XOJMMOHN JIA Wee yipaBsIeHuaA TOUHOCTbIO. ITO cyllle- 
CTBCHHO CHW KaeT TOUHOCTS OMpedeseHHA MOUOKeHHA poTopa, 
TIOSTOMY Ha BBICOKHX CKOPOCTAX BpallleHHA OrpaHH4eHo Mpu- 
MeHeHHe TaKOrO MeTOa 6e3 OMONHUTeEIbHOrO yTOUHeHHA 
TONO%#KeHUA poTopa. Jt MOBBIMIeCHHA TOUHOCTH W3MepeHHH B 
9TOM CJIydae ClleqyeT OMeCHHTb CKOPOCTb HapacTaHua TOKa 
IIpH moqaye OCHOBHOTO MMITyJIbCca HallpsxKeHUA WIM YACTOTY 
CI€@OBaHHA UMITYJIbCOB HallpsxKeHHA, C(OPMUPyIOINx TOK 
(ba3bl 1O Mepexoa B OAHOMMIYJIbCHBIM pexKUM yiIpaBIeHHaA. 
Pe3yibmamoi ucciedoeanua. Jloka3aHbl J{Ba BbIBO]a, BaXKHbIe 
JIA KOPpeKUMU OWeCHKM MOO%KeHHA POTOPA B OAHOMMITYIIBC- 
HOM pe?xKHMe paooTbI peaKTHBHO-HHAYKTOpHOH OM. Ileppsri 
— 00 sddekTHBHOCTH pes IO*XeHHOrO MeTOa PuIbTpauMU 
pe3yJIbTaTOB U3MepeHHA TOKOB (:)a3, BTOPOH — O BO3MO2KHO- 
CTH HCHOJIb3OBaHHA BbIABJICHHbIX MHMOPMAaIMOHHbIX MpH3Ha- 
kos. IIpwBeeHbI pe3yIbTaTbI aHasIM3a MIpOMeCCOB B BCHTHIIb- 
HO-HH]YKTOpHOH IM pu UcHOb30BaHHM Oe3aTYMKOBOrO 
ynpaBleHHA, peasM3yrollero OMMCaHHble MPWHIMIbI Ompee- 
JICHUA TOIOXRKeHUA POoTopa. 

O@ocyacdenue u 3aKouedue. JIA KOppeKIMH OLeHKU TMOJI0- 


%KCHUA POTOPA MOTyT OBITb HCIMOJIb3OBaHbI CyeyIOWMe VWH- 
(OPMAaLIMOHHbIe Npu3HakKH: HaM4ve May3bl MexKTY UMILyJIb- 
COM BO30yxKICHHA WH HayaIOM Mpollecca reHepalluu; CHMKe- 
Hue TOKa K MOMeHTy Hauasia reHepauuu. Jia yrouHeHns 
OI[CHKH MO%KET HCHOJb3OBAaTbCA CJICTYIOMIMU (PakT: Ha HHTep- 
Balle TeHepalluu WeperuO KpHBOM TOKa, COOTBeTCTBYIOIMIM 
MaKCHMYMY HHAYKTMBHOCTH (a3bl, HaOHOMaeTCA TIpH OHOM 


MW TOM 2Ke MOIOXKeHHM poTopa. 


Kuouesbie = ¢c10Ba: ~=MuKpOoTypOnHa, 92IeKTporeHepaTop, 


BCHTHJIBHO-YVHIYKTOpHaA Malina, Oe3,aTYHKOBOe 


ylipaBleHue. 
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Introduction. One of the directions of energy development is associated with the use of distributed and auton- 


omous generation systems using renewable energy sources. In such systems, low-power generating units operate (not 


more than 100-200 kW). Their characteristic property is the combined use of various types of energy: solar radiation, 


wind, geothermal sources, waste disposal, etc. The most difficult from the point of view of using distributed or autono- 


mous generation systems is thermal energy since it needs to be transformed into electric energy. In the energy systems 


under consideration, it is reasonable to use steam microturbines for this purpose. They operate on wet or superheated 


steam which the generator converts into electric energy. To solve the problem of compactness and efficiency of the tur- 


bine, it is required to provide its high rotation frequency. Accordingly, the generator should also be designed for high 


speed operation. 


The application of a high-speed turbine imposes restrictions on the design of the conjugated generator. Due to 


the high rotation speed, it is good to perform it on a common shaft with a steam turbine, since the presence of couplings 


for interfacing the turbine and the generator complicates significantly the design and subsequent maintenance. In the 
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autonomous and distributed energy systems, synchronous electric machines (EM) with permanent magnets on the rotor 
are widely used as electric generators at powers up to 200 kW. They have the best specific characteristics. However, 
given high rotational velocities, the design of such electrical machines is complicated by the problems of mounting 
permanent magnets and balancing the rotor. In addition, if the generator is operating in the immediate vicinity of the 
turbine, it will be in the zone of high temperatures that are not acceptable for permanent magnets. Therefore, as an elec- 
tric generator designed to work in conjunction with a steam microturbine, it is reasonable to use a switched reluctance 
EM which has no winding and permanent magnets on the rotor. 

To control the switched reluctance EM, information on the rotor position is needed. In most cases, a rotor posi- 
tion sensor is used for this. When operating at high velocities, it is undesirable to locate the generator in the immediate 
vicinity of the steam turbine, since this greatly complicates the design. There are various methods for determining the 
position of the switched reluctance EM rotor without a position sensor [1—4]. However, their use for a high-speed gen- 
erator requires considering a number of features. The presented paper is devoted to the issues of using sensorless control 
of a high-speed switched reluctance generator designed to operate together with a steam microturbine. 

Materials and Methods 

Overview of existing solutions and problem statement. As a rule, in the switched reluctance EM, discrete- 
type rotor position sensors are used. Such a solution increases the dimensions of the electric machine and complicates 
the assembly and tuning technology. 

Currently, principles of sensorless control are developed for rotating switched reluctance EM. They differ in 
the use of various information signs for determining the rotor position [2—4]. In most cases, such solutions cannot be 
applied directly for high-speed generators. 

Almost all techniques of determining the position of the switched reluctance EM rotor without using physical 


sensors are based on a one-to-one dependence of the phase inductance on the position of the rotor (Fig. 1). 


Unmatched Coordinated Unmatched 
position position position 
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Fig. 1. Dependence of phase inductance of the switched reluctance machine on the rotor position 


In the coordinated position (the rotor tooth is under the stator tooth), inductance is maximum, in the unmatched 
position (the rotor tooth is between the stator teeth), it is minimal. Saturation of the magnetic system affects the differ- 
ence between the maximum and minimum values of inductance, but does not change the nature of the dependence. 
Therefore, the position of the movable element can be determined using an indirect measurement of the phase induct- 
ance of the switched reluctance EM. Options for implementing this technique differ in the method for assessing the in- 
ductance of one or several phases during the operation of a switched reluctance EM [3, 4]. The technique used involves 
probing an idle phase of an electric machine with short voltage pulses of equal length and measuring current in this 
phase. If the voltage pulse length is much less than the phase time constant, then the amplitude of the current pulse is 
inversely proportional to the inductance. Thus, the passage of the rotor through the unmatched position for the probed 
phase can be determined by recording the maximum amplitude of the current pulse. This information is used to form 
control actions by other phases. Test pulses are applied in series during the time corresponding to the passage of the 
rotor through an unmatched position. Accuracy of determining the rotor position depends on the frequency of the test 
pulses. 

A variation of the technique for determining the position of the switched reluctance EM rotor by changing the 
phase inductance is to use voltage as the main test pulse (see Fig. 1). The implementation of this method is possible in 
both motor and generator mode. Notice the limited use of the method based on probing the idle phase by test pulses for 
a high-speed switched reluctance EM. The length of the test voltage pulses required to obtain current pulses sufficient 
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for measuring the value is significant compared to their pulsing time duration. Therefore, with an increase in the rota- 
tion frequency, the number of test pulses insufficient for measuring the position with the accuracy needed for control 
purposes is taken as a measurement interval. This reduces significantly the accuracy of determining the rotor position; 
therefore, at high speeds, the application of this method is limited without further clarification of the rotor position. In 
this case, to increase the accuracy of measurements, it is necessary to evaluate the current rate of rise when the main 
voltage pulse is fed, or the repetition rate of voltage pulses that form the phase current before switching to single-pulse 
control mode. 

Formulation of the problem of sensorless control of a high-speed switched reluctance electric generator. 
A design feature of the switched reluctance EM is a unique dependence of the phase inductance on the rotor position 
relative to the stator. This effect can be used to indirectly determine the position of the rotor. As noted above, this tech- 
nique of determining the rotor position is the most common. It should be considered that the saturation of the magnetic 
system significantly affects the inductance. The tendency to reducing the size of the rotor to decrease the moment of 
inertia and improve strength indicators has led to the fact that the generator in question is a highly saturated electric 
machine. At the maximum stator current, the inductance in the coordinated position is reduced by more than three times 
compared to the inductance in the unsaturated state. Fig. 2 shows dependences of the phase inductance on the angle of 
rotation of the rotor at different currents. 
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Fig. 2. Dependences of stator phase inductance on rotor rotation at different currents 


The repetition rate of the test pulses used to evaluate the phase inductance is determined by the type of ana- 
logue-to-digital (A-to-D) converter applied. When using the built-in converters of microprocessor control devices, the 
conversion time is about 2-3 msec. If we use the same ratio of stator and rotor teeth at a rotor speed of 12,000 rpm (200 
Hz), then the frequency of the pulses of the phase current should be four times greater — 800 Hz. As indicated above, 
test pulses are fed in the absence of current in the phase if the inductance changes from the position of the rotor. This 
interval in the generation mode corresponds to an increase in inductance and amounts to about one quarter of the current 
pulse repetition period [3]. From the dependences shown in Fig. 2, it can be seen that the change in inductance required 
for measurements occurs at a rotor angle of rotation in the range from 20° to 45°. 

For the case under consideration, the time interval for feeding test pulses is about 300 us. During this time, the 
A-to-D converter can perform 100-120 counts. The fill factor of the test pulses cannot exceed 0.5 because otherwise, 
after removing the voltage, the current will not have time to go down to zero. In practice, the fill factor of the test pulses 
does not exceed 0.25—0.3. So, to prevent current from too fast increase at the minimal phase inductance and to reduce 
the impact of electromotive force (EMF) arising in the phase under the rotor spinning on the measurement process. 

It is required to consider the conversion errors and the need for reliable fixation of the maximum amplitude of 
the current pulse. In this regard, the minimum number of measurements per test voltage pulse is 10—15. Then, in the 
interval of test pulses, their number will not exceed 6—8, which gives a resolution of determining the rotor position at 
the level of 4—6°. This accuracy of the rotor position determination is insufficient for control purposes. 

The phase inductance of the EM under consideration at the beginning of the measurement interval is about 5 
mH in the unsaturated state (at a current of up to 20 A, see Fig. 2). At a voltage of 600 V in the DC link, the intensity of 
the current rise will be 120,000 A/s. It is advisable to evaluate the rotor position at a current of 5-10 A until saturation is 
obtained, since 1n this case, the dependence of the inductance on the rotor position is linear. Then, at the nominal rota- 
tion speed, about 20—30 counts will be carried out, which gives a resolution of 0.5—1°. Thus, the use of the main current 
pulse at high rotation speeds provides by an order of magnitude higher accuracy in estimating the rotor position (in 


comparison to the use of test pulses). 
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In the process of start-up and acceleration of the generator, the application of test pulses fed to the inoperative 
phase gives a more accurate estimate of the rotor position, therefore, a joint use of both methods is required in the con- 
trol system. 

Mathematical model of a switched reluctance electric machine. To evaluate the correctness of the devel- 
oped control principle of a high-speed switched reluctance EM, a mathematical model (MM) was developed including 
models of the investigated EM, electric power converter, and control system. When compiling the model, assumptions 
were made that consider features of the problem being solved [5—8]. The basic ones are as follows: phases of the EM in 
point have magnetic circuits that are not magnetically interconnected, therefore, the processes in them are considered 
independently. 

Under the assumptions made, the electromagnetic processes in the phase of this EM are described by the equa- 
tion [| 1—4]: 

a? 1,23 


— p93 1 7193 (Y 1.2,3-Yrot )Rriz3 ; (1) 


where ‘Pri23, Uri23 4 Rriz3 are flux linkage, voltage and phase resistance; 1 | 9 3 (v , 1,2,3>Yrot | is the phase current 


determined depending on the magnitude of the phase flux linkage and rotor position. 
For the EM under consideration, the real resistance and the dependence of the phase flux linkage on the current 
flowing through it and the position of the movable element were determined. 


The processes in the DC link under the made assumptions are described by the following equations: 





eee (Eo — Rolo —U-): 
dt Ly 7 
sale =+(1 —(Iq, +1q2)) 
Ay —C 0 dl d2)}> 


where Ep, Lo, Ro are EMF, inductance and real resistance of a direct current link; C, Uc are capacitance in the DC link at 
the input of the converter and the voltage on it. 

The voltage at the phases is formed in such a way as to provide the creation of a current pulse of a given mag- 
nitude and length. According to the made assumptions, the magnitude of the voltage applied to the phase is determined 


under the following conditions: 


Al Al AI| dy 
U., ecm L ¢ ¢| 0 In — Vig €| In stn ¢ [nL > 0, 
Al AI | d 
Sp = 0, ecm I ¢ €| fn od [nF <0 (3) 


—U,, ecm I ¢ =OAT¢ > 0. 


Here, J, 1s the amplitude of the generated phase current pulse; A/ is the width of the current corridor. 

The length and phase of the current pulse of a rectangular shape with a given amplitude is determined by the 
initial and final angles a0 and a1 counted from the coordinated position of the phase. 

The currents consumed by the phases from the DC link, when using the principle of switching power semicon- 


ductor devices, are determined by the expression: 
12,3 = Ign 1,23) 1 1,2,3> (4) 
where sign(U 1,2,3) — is the phase voltage sign selection function 


The equations (1) and (2) considering the expressions (3) and (4), are MM describing the processes in the 
switched reluctance EM under consideration. It was applied to simulate processes in EM using a sensorless control al- 
gorithm. In the calculations, in addition to the indicated parameters and characteristics of the EM, the following values 
were used: the real resistance and inductance in the DC link are taken equal to Rp = 0.1 Ohm; Zp) = 0.001 H; DC link 
condenser capacitance C = 5000 uF; EMF of the DC link Ep) = 595 V. 

Research Results. To study the considered options for sensorless determination of the position of a high-speed 
switched reluctance generator rotor, the mode of operation with a nominal speed is of main interest. In this mode, the 


EM is controlled under the single-pulse mode. The moments of turning on and off the power keys are determined de- 
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pending on the position of the rotor. The condition for the most efficient energy transfer by the working phase is the 
current of a given magnitude in the phase by the time the rotor is in the position corresponding to the start of the genera- 
tion interval of this phase (see Fig. 1). For this, a positive voltage pulse is applied to the phase with a certain lead: both 
power switches are closed (for example, for phases A, S1 and $2). After the rotor takes the position corresponding to the 
generation process onset, the power switches are turned off, and the generation process starts. To limit the uncontrolled 
increase in current when it reaches the set value, one of the switches opens, and a phase short circuit is formed through 
a closed power switch and a diode. 

Fig. 3 presents the results of simulating the electromagnetic processes in the switched reluctance generator at a 


nominal speed. 
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Fig. 3. Results of mathematical simulation of processes in switched reluctance generator at nominal speed: 
a) voltage; b) inductance; c) current; d) electromagnetic torque 


The excitation pulse parameters are calculated so that by the generation process onset, the phase current reach- 
es a predetermined value of 100 A. In this case, there is no pause between the excitation pulse and the start of genera- 
tion, during which the phase is under the short-circuit condition. Fig. 3 shows the dependences of the voltage, current, 
and inductance of the phase, as well as the electromagnetic moment it develops. 

As follows from the above description of the control principle, in a single-pulse mode, the generation process 
is uncontrollable, and the EM is regulated by the excitation pulse parameter variation. The moments of its start-up and 
end depend on the position of the rotor. Therefore, the accuracy of determining the position is important for the efficient 
operation of EM [9, 10]. If the excitation pulse is fed ahead of time, it shifts towards a decrease in the phase inductance, 
its current rises with a higher intensity, and the phase switches to the short circuit mode. The pause between the end of 
the excitation pulse and the generation process onset depends on the discrepancy between the calculated and actual po- 
sition of the rotor and can be used to correct the estimate of the rotor position. 

If the excitation pulse is delayed relative to the calculated moment of time, it is shifted toward a higher induct- 
ance, and its length is not enough to increase the current to a predetermined value. Therefore, a decrease in the current 
magnitude at the end of the excitation pulse is a sign that the rotor position is implemented to be behind the actual val- 
ue. Fig. 4 shows the dependences of the phase current for cases of coincidence, lead, and lag of the estimate of the rotor 


position from its actual value. 
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Fig. 4. Dependences of the current phase of switched reluctance EM for cases of coincidence, lead and lag estimates of rotor position 


Comparison of the curves obtained specifies the following feature. The phase current curve under the genera- 
tion mode has a knee point corresponding to the maximum phase inductance. In the case of a constant phase current 
(see Fig. 2), it corresponds to the coordinated position of the stator and rotor teeth. With a decrease in current during the 
rotor movement, the saturation of the magnetic system decreases, and the position of the maximum inductance of the 
phase shifts toward wide angles. This effect has a peculiarity: the position of the knee point of the current curve does 
not depend on the time of the excitation pulse feed, and will be determined only by the value of the current at the gener- 
ation process onset. This feature can also be used to refine the position of the switched reluctance EM rotor when oper- 
ating under the single-pulse mode. 

The application of the described information features requires control of the current, its first and second deriva- 
tives. When using common types of the A-to-D converters (ADC), the measurement error will reach 5—10%. Therefore, 
to filter the current signal in the control system of a high-speed switched reluctance generator, a third-order Kalman 
filter is proposed, using a phase current model based on the equation: 
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Fig. 5 shows the analysis results of processes in a switched reluctance EM using a sensorless control that im- 


plements the principles for determining the rotor position described above. 
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Fig. 5. Correction of rotor position estimation under single-pulse mode of switched reluctance EM operation 


The calculations were carried out under the following conditions. The EM rotates at nominal speed. The exci- 
tation pulse has the same parameters as for the case considered earlier. The stator phase currents are measured by the 
ADC with a conversion time of 5 us and have an error of 10% normally distributed. At the initial moment, the estima- 
tion of the rotor position differs from the real one by 10 degrees. The correction of rotor position estimation is present- 
ed. The end-point analysis showed the efficiency of the proposed technique for filtering the phase current measurement 
results and the applicability of the identified information signs to correct the of the rotor position estimate under a sin- 
gle-pulse operation mode of the switched reluctance EM. 

Discussion and Conclusions. The end-point analysis affords to draw a number of conclusions. A switched re- 
luctance generator designed to operate in conjunction with a steam microturbine is controlled without a rotor position 
sensor using the appropriate algorithm. There is an unambiguous relationship between the rotor position and the stator 


phase inductance, therefore all methods of sensorless determination of the rotor position are based on an indirect meas- 
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urement of the phase inductance. At high speeds without a rotor position sensor, it is irrational to apply approaches 
based on feeding a series of test pulses to the idle phase, since the resolution of this method is insufficient for effective 
control of the generator. In this case, it is rational to control the parameters of the main current pulse. 

Under the generation mode, the switched reluctance EM is controlled through the feed time variation and the 
length of the voltage pulse (excitation pulse), which generates current in the EM phase at the generation process onset. 
The instant of feed and the length of the excitation pulse are determined by the position of the rotor; therefore, an effec- 
tive control of the generation process is possible only with an accurate estimation of the rotor position. To correct the 
rotor position estimate, the following information signs can be applied: 

— the presence of a pause between the excitation pulse and the generation process onset (the estimate is ahead 
of the actual rotor position); 

— the decrease in current by the time the generation starts (the estimate lags behind the actual rotor position). 

To refine the estimate, the following fact can be used: on the generation interval, the current curve knee corre- 
sponding to the maximum phase inductance is observed at the same rotor position. 

Application of these information signs provides creation of an effective algorithm for determining the rotor po- 


sition in a high-speed switched reluctance generator without a physical sensor. 
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